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SECTION 1.0

SUMMARY

This final report presents the results of the Study of Structural
.Bending fdaptive Control Techniques for large Launch Vekicles performed
under NASA Contract NASB8-20056, The svstem studied utilizes the
principles of spectral identification to identify the vehicle dynamies and
uses the identified paremeters of the vehicle to cormpute the required conirol
compensation for proper system performance and stability., Compuiztions are
performed digitally, and the functicns of identification/comprrsation are
performed continuously during vehicle operation, The study is devoted orimarily
to the problem of decovpling the elastic modes and the rigid mode of a large
btooster of the Saturn class, A secondary portion of the study was devoted to
investigating the problems associated with active bending control using a
single force point for control (main nozzles),

This report summarizes the overall study objectives, describes the basiec
spectral identificstion system and presents study results, In addition, an
apperdix section is included which shows the pertinent equations of mction,
vehicle datz, a brief description of control using digital computers, and
additional study results,

The study results include the stzbility and trajectory analyses as well
as the modifications to the basic spectral identification which were necessary
to satisfy the system requirements. The stability analyses results are
prescnted in the form of gain-phase plots and were perfo;hed for three f1ight
caces--8 sec, 78 sec and 157 sec after launch. Satisfactory stability has
becn ackieved for all cases with the complete spectral identification system
opecrative,

The trajectory results cover the cerplete first stage and show the
dynamic behavior of the identification system and the ability of the vehicle
to follew the trajectory in the presence of atmospheric disturbances and
instrument noice. The trajectories are pitch plane digital simlaticns from

O sec to 157 sec with the digital compensation and frequency identification



system functionalily mechanized in the study as they would be in a digital
control computer, The results indicate the capability of the system to
provide stable control of a vehicle with wide margirs of uncertainty in the
vehicle dyramic and flexibility coefficients,

1.1 INTPODUCTION

The effective size of a hoost vehicle designed for a space mission
is measured by the usable payload pounds that can be placed in orbit,
The major positive contributor to payload pounds is the weight and
efficiency of the rocket propellant. The major negative contributor
to payload pounds is the weight of the structure required to hold the
propellant, engines and payload together. The best boost vehicle design
thus mirimizes the structural weight. Minimum strvcture results in
increased vehicle flexibility (i.e., ability for the vehicle to bend).
Increased flexibility has an adverse effect upon the performance of the
attitude control system,

The purpose of the attitude control system is to measure the
directicn of vehicle travel and to maintein the direction desired by the
guidance system in a menner that will not destroy the vehicle. A boost
vehicle is similar to a long rod which bends in two ways when forces are
placed upon it, The first is a steady state bend equivalent to the sag
in a rod when it is supported horizentally at both ends, The second
way is an oscillatory bend which would be exhibited by the rod if a
weight were to be dropped on it while herizontally supported. This
oscillatory bending will tend to die out by itself unless it is being
continually forced and excited. The contrel system in mairtaining proper
heading is continually applying forces to the vehicle, The control system
rust be designed so that in continually applying forces to the vehicle
it does not also continualily excite the bending in a manner to increase
bending deflecticns and ultimately destroy the vehicle. The attitude
of the vehicle is measured by an instrument rigidly attached to the

vehicle structure, The sensor measures rnot only the vehicle attitude but



also the loczl vehicle tending at the scnsor location. The attitude
control forces cormputed from the sensor output are thus partially
determined by the bendirg magnitude at the senser, Factors depending
upon the relative bending direction between the sensor locations and the
attitude control force point, plus computational delavs in computing the
attitude control force magnitude from the sensor output determine whether
the applied force will tend to increcase or decrease any bending that may
exist, The effects of corputational delays are directly dependent upon
the oscillatory frequency of the bending,

A normal control system for a flexible vehicle will not allow high
frequencies to pass through to the force point, thus eliminating the
reinforcing of high frequency oscillatory bending rodes. Computational
delays will be so designed that the low frecuency oscillatory bending
modes are suppressed by the control forces rather than reinforced., With
very large and very flexible vehicles the normal centrol system design
cannot be achieved, With very flexible vehicles the bernding oscillatory
frequencies become low enough that even the higher modes canrot be
filtered out without detrimental effects upon the attitude control. With
large vehicles it is impossible to predetermine the bending oscillatory
frequency to the accuracy required to adjust the computational delays in
a manner to achieve guaranteed stable control,.

A method of obtaining stable control under these adverse bending
conditions would be to accurately measure the bending frequencies during
flight and place notch filters in the control system at these frequencies
so that just the bending freguencies are inhibited from contributing
to the atlitude control force, Even with perfect identification of the
bending frequencies and notch filters tuned to these frequencies the
vehicle will still bend as it is excited by forces cther than the attitude
coritrol forces., Since this is the case, the sensor output will in general
contain signals representative of the oscillatory bending even with

perfect control system notch filtering. If the power spectral density of



the sensor output is measured there would be expected peaks at the
bending fregquencies. Tt is the measurement of these peaks and the
determination of the frequencies which are used in flight to determine
the bending frequencies and tune the notch filters.,

This report shows the results of an investigation where the Spectral
Identification Adaptive Control System was applied to a realistic large
launch vehicle in a complete ciosed loop trajectory simulation with
bending frequencies changing and initial frequency uncertainties. The
vehicle was subjected to realistic winds and gust inputs., Appendix 6,1
gives a detailed develiopment of the spectral filter amplitude response
plus a discussion of the major parameters that affected the development
of identification system as used in the study.

Aopendix 6.2 contains a brief description of digital control systems
and analysis techniques applied in the study of the digital control system,
This section should be of particular interest to those unfamiliar with
digital contro} systems,

Appendix 6.3 is a vehicle description including the equations of
motion plus a 1ist of vehicle data for all 2L flight cases. The vehicle
used is Model Vehicle No, 2 (see Figure 1) which was developed by NASA
to represent any large flexible space vehicle (similar or larger than

the Saturn V) but not intended to represent any specific vehicle,



SECTION 2,0

STUDY ORJECTIVES AND CGROUND RULES

The objectives of the study were to:

1.

2,
3.

llo

The study
1.

2,
3.
L.
Se

Design a spectral identification system to achieve minimum
coupling between bending modes and short period,

Provide basic system stabiiity.

Achieve a practical mechanization of the final system.
Demonstrate the Spectral Tdentification Adaptive Control
System in a complete closed loop time varying trajectory
simulation, includirg adaptive features working with
vehicle bending frequency changes in combination with
realistic wind and gust inputs,

ground rules were:

The study is based on Model Vehicle TT datz received from
George Marshall Space Flight Center, Huntsville, Alabama.
The study is restricted to the pitch phase,

The study is restricted to the first stage,

Siosh dynamics are included in stability analvses.

The dynamics include the short period mode, three flexible
modes, cngine compliance, sensors, actuator and fuel slosh,
It is assumed that the bending frequencies are not restricted
to a prescribed frequency band, but a total bandwidth is

defined which includes all bending modes of interest,



SECTION 3.0
DETATLED DISCUSSION

3,1 SPECTRAL IDENTIFICATION ADAPTIVE CONTROL SYSTEM
The Spectral TIdentification Adaptive Control System includes a
conventional short period control system where the attitude command is
summed in the proper ratio with the output of an attitude gyro and attitude
rate gyro., This composite error signal is filtered by a short period
corperisator and then filtered by threc notch filters which eliminate the
lst’ 2nd

of the final notch filter is used as a command to the defiection of the

and 31‘Cl bending mode components from the error signal., The output

main thrust nozzles. In order that the notch filters remove the bending

they must be tuned to the bending frequencies, The bending frequencies

are initially uncertain due to uncerteinties in the vehicle dynamics and

change during the trajectory as propellant is expended. In order to

insure that the notch filters are tuned to the bending frequencies the

bending frequencies are identified during the flight.

3.1.1 FREQUENCY IDINTIFICATICN SYSTEM
The bending frequency is identified by placing 2L spectral

filters tuned to 2 frequencies over the expected frequency band of
the first three berdirg modes., The frequencies of these filters are
given in Table 1, n is an integer associated with each filter, m
the number of ,01 second sampling periods in 1/2 period of the tuned
frequency and wn the tuned frequency in radians per seccond. The
output of ecach spectral filter is an approximate measurement of the
energy in the input signal at the spectral filters' tuned frequency.
The input signal to the spectral filters used in this study is derived
by subtracting the output of two rate gyros, one mcunted in the
instrument compartment and the other in the interstage region between
the first and second stage. In a previous study a single rate gyro was
used as the spectral filter input sensor with adequate system performance.
In the selection of the spectral filter input sensor care must be
exercised to insure that an effective nuil point on any bending mode

to be identified does not exist at any time during the flight.



n m w rad/sec

1 22 14,28
2 2l 13,09
3 26 12,083
b4 28 11.22
5 30 10,472
6 32 9.81
7 36 8.73
8 Lo 7.85
9 Ll 7.14
10 18 6.5N
11 sk 5.82
12 60 5.2l
13 66 L. 76
1l 7h h.25
15 82 3.83
16 92 3.2
17 100 3.1
18 112 2.8
19 12l 2.53
20 138 2.28
21 150 2,0k
22 170 1.85
23 188 1.67
2l 208 1,51

Table T, Spectral Filter Tuned Frequencies



The operation and analysis of a spectral filter is thoroughly
explained in Appendix 6,1, A spectral filter output, A, is

determined by the solution of the equations

to + ip :
_ i
8; = -It (-1) Ein(t) dt (1)
0
t + ip/? t_ +1ip
° i ° i
c, = - (-1)" E._(t) dt +I (-2)" E, (t) dt (2)
t 1 t_ + ip/2 in
[o} (o]
U =8; + S 4 (3)
Vi =0t G, (L)
1 2
= L v,
S -PE o 5 (5)
1 2
C = T v, (6)
DEEE
a=sf el (7

Deseriptively the solution of these equations is: Si is the integral
over 1/2 period (p) of a square wave kernal times the spectral input
signel with the kernal phased to change from -1 to +1 at to. Ci

is the integral of the square wave kernal times the spectral input
signal with the kernal phased to change from +1 to -1 at to + p/2.
The kernal used in determining Ci is in quadrature with the kernal

used in determining Si' Ui being the sum of S, and Si is thus

the integral of the kernal times the spectral input sig%al with
the integration period a complete period of the spectral filter
tuned frequency. A value of Ui is ccmputed for each half period
time point however. Vi is equivalent to Ui except computed using

the quadrature kernal, S is the sum of £ past vaiues of Ui times



a normalizing corstant which removes the normal decrezse in an
integrator output with increase in input frequency. C is equivalent
to S except ccmputations are made using Vi instead of Ui' The
total spectral filter output is then computed by taking the sum of
the squares of S and C., Figure 2 is the output amplitude of a
spectral filter as the input frequency is varied. The amplitude is
plotted versus normalized frequency, r, computed by dividing the
input freguency by the tured frequency. The spectral filter response
is dependent upon the phase relationship between the input frequency
and the square wave, Figure 2 shows two curves, one drawn with a
continuous line and the other with a dashed line. These two curves
represent the extremes in spectral filter gain as the input signal
phase changes, The integration period was 5 periods (i.e., £ = 9).

Since there are 2 spectral filters there are 2L values of A
computed which will be distinguished from each other by the subscript
n (i.e., An) corresponding to the entries in Table 1. Because the
spectral filter output zmplitudes should be greatest when the spectral
filter tuned frequency is near a bending frequency amplitude, peaks
in the An array are used to determine the bending frequencies, The
following step by step procedure is used in deterimining the bending
frequencies,

1. All values of An smaller than a set of resolution values
arec set equal to zero, This is done to climinate the identification
of any peaks if the total bernding activity is very low. Under the
conditions when bending activity is low and resolution levels are not
present, frequency identification will be based mostly upon system
noise. This can ailow the notch filters to become detuned enough to
produce unstable bending., The bending activity immediately picks
up and proper identificaticn is made before the vehicle loads are
exceeded; however, the total bending activity is greater than when

the resclution levels are set,



2, The three largest peaks are determined from the complete
A_array. A value of A_ is a peak only if A > A and A_ > A
n n n n n n
>
and An An+1

than two values of A on each side of An. In general the amplitude

-1 -2
and An > An+2’ i.e., An is a peak orly if it is larger

of the peak asscciated with the first bending mode is larger than the
peak associated with the second mode which is in turn larger than

the peak associated with the third mode. It is not uncormon to

have several spectral filter amplitudes in the vicinity of the first
mode frequency be larger than any other of the spectral filter
amplitudes., If An vere to be compared with only a single spectral
filter output on each side of itself there would be at times a

in the neighborhood

> would be
identified as a peak along with An and the peak at An+ would be

2
larger than either the second or third bending mode peaks. The

situation where An was less than An and An

+] +2
of the first bending mode, In this case typically An+

frequencies associated with An and An+2 would both be identified and

thus two notch filters would be placed in the vicinity of the first
bending mode, This is eliminated when two values of A on cach side
of the peak valuears required to detzrmine a bendirg mede., Since two
filters are required on each side of the peak filter to debizmmine a

peak, the two filters on each end of the array (i.e., Al, A2 and

A23, A2b) constitute a special case, TFilters A, and A2b are never

1

candidates for a peak while a peak at A2 exdsts if A2 > A1 and

> > ia 3 >
A2 A3 and A2 Ah and a peak exists at A23 if A23 A2h and

A23 > A22 and A23 > A21. If more than threce peaks are identified only
the three largest peaks are considered legitimate, With three peaks
identified the peaks are arranged in ascending orders of n and
tentatively associated with the 3rd, 2nd

respectively,

and 1St bending modes,

10



3. If less than three peaks are identified special précessing
mist be performed to determine with which bending modes the peaks
are associated, The values of n for each mcde, that were determined
the last time an identification was made on that mode, are compared
with the present values of n., The present identified peaks are then
assoclated with the bending mode which in the past identification
had the nearest n value to the present n value,

o At this tims 0, 1, 2 or 3 peaks have been identified and
tentatively, in each case, associated with a hending mode, A further
test is made to determine if the identification is acceptable, It is
knowm that for a real vehicle, except at the time of stéging, the
bending frequencies change in a more or less continuous manner,

For this reason for each mode the present identified n value is
corparad Vith the previous n value associated with that filter., If

the difference between the present and past n values is greater

than 7 the presently identifisd peak is rejected as being unacceptable,’

5. A further test is made so that the change between the
present value of n and the past value of n is 1limited to be no greater
than 3,

6, The vehicle bending mode frequencies are morz or less
harmonically related to each other within a tolerance band. This
relationship is used to keep the mode identifications separated
within the tolerance band., The ratio of wn at the second bending mode
and w at the first bending mode is compared with a fixed constant
such that if the ratio is less than the constant, the second mode
identification is rejected, A second test is made betwecen the first
and third mode with the third mode identification being rejected when
the test fails,

11



Te At this time a frequency is computed for each identified

mode from the formula

_ An--l “pa1 t An o ? An+1 “n+1
0, = (8)
I An-l * An * An+1

8. we for each mode is filtered to remove high frequency noise
I

on the identified frequency by the formula

w = 05 wF + 05 wT ® (9)

In In In-l

W is then used as the frequency to tune the notch filters,
I The complete process 1s a rather complicated procedure though

much has been done to reduce the computer speed requirements. At a
+01 second sampling rate the integrations of equations 1 and 2 are
performed using a rectangular integration algorithm, Also at .01
seconds testing is made to determine if the time to +ip/2 or to + ip
has arrived (i.e., the upper integration limits), If the upper Iimit
integration time has not arrived this is the only computation for
each spectral filter that is done at the ,01 sampling rate. When the
upper 1imit integration time to + ip/2 on the first integral in
Equation (2) arrives, a change in sign of the kernal is made. When
the upper 1limit integration time to + ip arrives for any spectral
filter the compoutations of Ui and Vi are made and Si and Ci for that
spectral filter reset to zero. At a sampling rate of .li11 seconds
the rest of the computations and testing to determine Wn is made and
notch transfer functions changed,

Special considerations are required when the identifiers are

started at launch, All past values of Ui’ Vi’ Si and Ci are set

equal to zero, The We, frequencies are initialized to the expected
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launch bending frequencies, A time long enough so that the first
10 spectral filters can compute their first values of Ci and Si'
(.18 seconds) must elapse before any identification of a new frequency
is attempted and then only the third mode frequency. A time long
enough for the first 15 spectral filters to obtain a complete Ci
and Si computation (.82 seconds) eclapses before the third and second
bending modes are allowed to be identified and total of 2,08 seconds
elapses before all three modes are identified, In that initiaily
the summations of Ui and Vi do not contain a total of 9 (the value
of £ used in the system) terms, the normaiizing constant for
computing S and C is adjusted for each spectral filter,

Figure 3 shows the frequency identification performance for an

ideal signal input of the form

F(t) = B1 sin @, t o+ B2 sin w, t + B3 sin w3 t

where B1 = B2 = B3 and the frequencies (wl, W,

with time as shown by the solid lines in Figure 3. Of major system

and w3) change linearly

importance is the initial response of the identification system from
its initial setting to the actual bending frequency., The response
time constant of the initial identification is dependent upon the
actual frequency being identified plus the relative amplitudes of the
three bending modes. Because of the relative wave lengths the third
mode should be identified before the second mode which in turn should
be identified before the first mode, This is dependent upon the
relative bending amplitudes of each mode since the identification is
based upon relative amplitude measurements, More rapid identification
can be expected of a mode having a larger relative amplitude,

Figure L shows the time history of the identified frequencies
in an actual trajectory run for the time period from 10 to 50 seconds,
The trajectory was pitch plane with no wind disturbances, The
expected bending frequency was initially set 25% below the known
open loop bending frequency to determine the starting characteristics,
The solid lines represent the known open loop bending freguencies,
The closed loop bending frequencies are not known but should be close
to the open loop frequencies., Poor identification on the third mode

is due to the third mode being fairly unexcited,
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A study of the required computer speed and size to perform the
identification and control computations was not made during the study,
however, making rough estimates based on previous studies and computer
sizing experience indicates a computer memory size of 2000 words with
a 5 us add time and a 16 bit word length. This estimate should be
verified by a compﬁter sizing study. The physical size of a flight
computer of this capacity and speed would be smaller than 1/2 cu ft.

A more complete description of the identification system is

given in Appendix 6.1.
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3.1.2

CONTROL SYSTEM STARILITY ANALYSIS
The basic vehicle pitch control system is shown in Figure 5.
The system feedback is composed of attitude position and attitude
rate, This signal is fed through a short period compensation and 3
notch filters tuned to the 15%, 29

A discussion of digital control systems and notch filter design is

and Brd bending mode frequencies.

given in Appendix 6.2, Several basic control system designs were
made as the study progressed. These designs followed each other in
a natural progression as additional insight into the total system was
obtained with each individual control system studied,
The problem of designing a best compensation configuration
for Model Vehicle IT (Appendix 6.3) which is compatible with frequency
identification adaptive loop and the uncertainty factors associated
with the vehicle data requires a series of tradeoffs which depend
directly or indirectly on the system considerations listed below,
1, The level of uncertainty associated with the vehicle data,
especially bending mode frequencies, mode slopes and mode shzpes.,
?. The typical variation of all of the vehicle parameters with
trajectory time,
3. The required trajectory foliowing capability, i.e., the
required short period control frequency.
i, Vehicle structural load considerations,
5. The speed and accuracy of the frequency identification system,
6. The digital computer speed and resolution required for

system mechanization,
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A major influence in achieving good stability design is the
placement of the poles which are required to generate the notch
zeros, In the first configuration these poles were used to obtain
a significant gain mzrgin on the third bending mode., This was done
because: 1) third mode identification was expected to be poorest
because of sampling, 2) the instrument locations chosen cause third
rnode instabilities, 3) with the third mode gain stabilized higher
bending modes which were not included in the stability analysis
should also be gain stabilized and offer no problems. Table I gives
the control system parameters for what will be called Compensz2tion
Configuration #1. In mechanizing the control system the notch filters
are dc gain normalized, while the short period filter is not.
Figures 6, 7 and 8 show the open loop gain phase of the system at 8,
78 and 157 seconds, respectively, with the notch zeros perfectly tuned
to the open loop bending frequencies, With the perfectly tuned
notches the ISt bending mode is phase stable with 120° of phase margin
at t=8 sec which degenerates to only 20° of phase margin at 157 sec.
The second and third modes are always gain stable with about 9 db
on both of them at 8 sec and improving to 15 db on the sccond mode
at 157 sec and 52 db on the third mode at 157 sec, The short period
fraquency is lower than desired, starting at about ,5 rad and
renaining at this value vntil late in flight where it moves to about
.6 radians, The main cause of the low short veriod frequency is the
poles which must be mechanized with the notch zeros, In order that
these poles themselves do not go unstable they must have a damping
much greater than the notch zero damping. At a lower frequency such
as the short period the overall effect of the notch (including both
its poles and zeros) is to produce phase lag, This reduces the
short period frequency that can be maintained with an approximate

6 db short period high frequency gain margin,
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Sampling rate .1 sec
Rate Gain 2.5 sec

Short Period

7ero .6 rad/sec (2~ .9L17)

Pole 2. rad/sec (Z- .78L8)
ISt Mode Notch

Zero damping .025

Zero frequency le*

Pole damping o5

Pole Frequency 2.5 rai/sec (z- .8622 + 3 .191)
2" Mode Notch

Zero damping .05

Zero frequency sz*

Pole damping o7

Pole frequency 3.0 rad/sec(z- $792 + 3 .175)
379 }ode Notch

Zero damping .05

Zero frequency Wy *

3

Pole damping o7

Pole frequency 6.5 rad/sec {z- .559 + J .3036)
Loop Gain

0 sec to 112 sec 1,L06

112 sec to 1Ll sec .887

14l sec to 157 sec Jhis

#Tdentified frequency

Table II, Compensation Configuration #1
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In Compensation Configuration #1 the most critical point is
the low phase margin on the first bending mode at 157 seconds. It
is not possible to identify the exact bending frequency, plus it is
not the open loop bui the closed loop bending frequency which is
being identified. Figure 9 is a gain phase of the 157 sec case
using Compensation Configuration #1 with the notch zero tuned 2% high,
i.,e., at a frequency 1,02 times the open loop frequency., This plot
shows an unstable first bending mode, in fact the phtase margin point
has moved left by approximately L0° indicating from the original 20°
phase margin that the first mode identification at 157 sec will have
to be within 1% at the high side. Narrow tolerance bands are more
acceptable on the high side rather than the low side because the
natural tendency of the bending modes is to increase in frequency
during the trajectory. The identification system has a number of
lags built into it so that it normally will identify a frequency which
is lower than the frequency occurring,

A much more important question must be answered in determining
the absolute stability of the configuration in conjunction with the
frequency identification system, If the identifiecation system is
operating perfectly it will identify the closed loop bending frequency
and move the notch zero to this freguency., In moving the notch zero
the control system is changed,which in turn changes the closed loop
bending frequency, At some place a null point will exist where the
notch zero frequency and the closed loop bending frequency are
identical, The stability question that then arises is "Is the
system stable when operating at this null point?" If the answer
to this question is no, the configuration is unacceptable, Figure 8
is a plot of the notch filter frequency w  versus the closed loop
bending frequency wy for the first bending mode of the 157 sec case

using Compensation Configuration #1. This curve is divided into



two parts, one part representing a stable first bending mode for

the notch zero at the indicated frequency and the other part an
unstable first bending mode for the notch zero at the indicated
frequency. Also on the plot is a line representing the locus of all
possible nuil points (i.e., w, = wD). On this particular plot the
null point is on the unstable part of the curve. Thus Compensation
Configuration #1 is an unacceptable control system. The other flight
cases and bending modes were checked in the same manner. The other
modes and flight cases do not result in instability even when the notch zeros
are detuned by 10%. If this unacceptable effect is to be eliminated,
a change in control system values must be made. The control system
parameters which would be expected to have the greatest effect upon
the first mode stability are the first mode notch filter parameters,
If a control system parameter such as the notch zero damping were
changed, then the curve of FigurelO would move to a new position,
where possibly the null point would be on the stable portion of the
curve, Figurell shows two curves, one is the notch filter frequency
at which the boundary betwecn the stable and unstable region occurs
versus the notch zero damping., The other curve is the frequency of
the null point versus the notch zero damping. The curve shows that
for dampings of .0185 or less the null point will be in a stable
region. TigurelO is a gain phase of the 157 sec case with the notch
zero tuned to 2,942 radians/scc which is the frequency at which the
null point occurs. The gain phase shows the first mode is unstable
verifying Figure 10and Figure 11at .025 damping. Figure 11 shows

that with zero damping the nmull point is in a stable region. Figurel12
is a gain phase of the system with zero damping and the notch tuned
to the mull frequency of 2,889 radians/sec. With zero damping on

the notch zero the marginally stable point occurs when the notch

is tuned to 2.922 radians/sec. This is shown by the gain phase at
Figure 1k,
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A second parameter which should have significant influence
upon the first bending mode stability is the frequency of the first
bending mode notch pole. Figure 15 shows the null point and the
boundary between stable and unstable region for values of the first
mode notch pole frequency. The mill point enters a stable region
as the first mode notch pole frequency is raised, A gain phase of
the system with the first mode notch pole frequency raised to
3.5 rad/sec and the notch zero tuned to the mulil frequency is shown
in Figure 16, The gain phase confirms the stable operation indicated
by Figure 15. Figure 17 shows the gain phase of the same system
except the first bending mode zero is set at the marginally stable
point of 2,9912 radians/sec., The gain phase plot shows marginal
stability.

This analysis indicates a better system from the standpoint of
'first mode stability would be achieved if the first mode notch pole
frequency were made 3.5 rad/sec and the notch zero damning set at
zero, Figure 18 is a gain phase of this system with the notch zero
perfectly tuned to the open loop bending frequency. A point of
primary interest is still the accuracy of identification required,
Figure 19 and 20 are gain phase plots of the same system with the
notch zero frequency tuned 3% low and 3% high. The 3% low case is
stable but the 3% high case is unstable thus, the first mode must
still be identified better than 3% on the high side,

If the design of the original system were made such that a
greater phase margin were maintained on the first mode during the
entire trajectory the effects of the unstable mull point could be
avoided, This was done in designing Compensation Configuration #2,
The control system parameters associated with this confijuration are
given in Table TII, In this configuration ail of the notch pole
frequencies have been raised and the short period lead-lag further
separated, Figure 21, 22 and 23 are gain phase plots of this system
with the zeros perfectly tuned for the three flight cases at t=8,
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Sampling Rate .1 sec

Rate Gain 2.0 sec
Short Period

7ero A rad/sec

Pole 2.8 rad/sec
15% Mode Notch

Zero damping .025

7ero frequency le*

Pole damping .5

Pole frequency 3.625 rad/sec

2" 1ode Noteh

Zero damping .025
Zero frequency w ¥
Ta
Pole damping ol
Pole frequency 3.625 rad/sec
37 Mode Notch
Zero damping .025
*
Zero frequency wT
3
Pole damping o7
Pole frequency 5.0 rad/sec
Loop Gain
0 to 112 sec 2.
112 sec to 1l sec 1.25
il sec to 157 sec .6l

#Identified frequency

Table IIT., Compensation Configuration #2
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78, 157 sec, respectively., As would be expected by inereasing

the notch pole frequencies and spreading the lead-lag, there is a
reduction of the gzin margin at the 2nd and 3rd bending modes,

This is most significant at the 8 second flight case where the
margins are the narrowest, The first mode phase margin at 157 sec
has been increased to almost 80° in comparison with the 20° for
Compensation Configuration #l., This configuration allows a 5%
error in frequency identification on all modes except the first
bending mode at 157 sec flight case where better than 3% error is
allowable. Figure 24 through 41 show the gain phase for the 8, 78,
and 157 second flight cases with the notch zeros tuned 5% high and
5% low for each mode except the 15% node at 157 sec where only a
3% error is shown. All cases show a fair stability boundary still
remains with the identification errors indicated except for the 2nd
mode tuned low at the 8 sec flight case and the Brd mode tuned low
at the 8 sec and 78 sec flight cases. Compensation Configuration #2
still has a relatively low short period frequency, about L6
radians/sec during the major portion of the flight,

In the general control system configuration of Figure 5 the
system design variables which can be changed in order to improve
the short period frequency are:

1, rate instrument location

2, rate gain

3. short period lead-lag corpensation

L. notch zero damping

5. notch pole frequency

6. notch pole damping

The desired effect upon the gain phase in increasing the short period
frequency is to obtain more lead phase shift at those frequencies

near the short period high frequency crossover of Compensation
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Configuration #2 (i.e., near 1 radian/sec). Viewing the six types

of design variables listed above to determine how they can be used

to increase the short period frequency and how such changes affect

overall stability results in:

1.

2,

3.

Rate Instrument Location - A change in the rate instrument

location will, in general, have no direct effect upon the
short period frequency, but indirectly any additional lead
at the short period frequency will cause a loss of gain
margin at the higher frequencies, A change in the rate
instrument location may increase the higher frequency gain
margins especially at the bending modes, however, the rate
instrument locations chosen for Compensation Configuration
#1 and #2 were made on the basis of obtaining the most high
frequency gain margin obtainable from acceptable instrument
locations. Thus, a change in the rate instrument location
to any other allowable location should have a harmful effect
upon increasing the short period frequency,

Rate Gain - Increasing the rate gain will increase the short
period frequency, however, it will also decrease the third
bending mode gain margin,

Short Period Lead-Lag Compensation - Increasing the lead

at the short period high frequency crossover frequency can
be accomplished by means of the lead lag compensation at the
expense of decreasing the high frequency gain margins. The
lead-lag in Compensation Configurations #1 and #2 have been
adjusted to obtain a near optimum short period frequency
with the other control system design variables held fixed,
Thus, little or no gain in short period frequency can be

expected by just adjusting the lead-lag compensation,
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L. Notch Zero Damping - Increasing the damping on the notch

zeros will produce more phase lead at the short period,
however a mich more rapid reduction in gain margin at the
2nd and 3rd bending modes will occur,

5. Notch Pole Frequency - Increasing the notch pole frequency

will reduce the amount of lag phase shift at the short period
frequency, which is effectively adding lead, It will also
reduce the higher frequency gain margins.

6. Notch Pole Damping - Decreasing the notch pole damping will

reduce the lag phase shift at the short period frequency.

It will cause some increase in gain margin above and below

the notch pole frequency but will cause a large reduction

in gain margin at the notch pole frequency by causing a

bulge in the gain phase curve at this frequency,

Each design variable (except for rate instrument location) can

be used to increase the short period frequency at the expense of a
degradation in stability at some other frequency. A tradeoff was made
between these parameters to obtain a near maximum short period frequency
with the maximum allowable degradation in high frequency stability
margins., The max q - 78 sec flight case was used as the major design
point because an increase in short period frequency is desired to
reduce trajectory following errors produced by wind disturbsnces and
thus aerodyneamic loads on the vehicle, These loads are most effective
at max q. Table IV gives the control system parameters arrived at
for the 78 sec flight case to obtain the maximum short period frequency,
Figure L2 is a gain phase of this system which will be called
Compensation Configuration #3. The short period frequency has been
increased to .7 rad/sec when operating wifh 6 db of high frequency
gain margin. The second and third mode are both only about L db
below the operating gain and slightly phase stable, The first
bending mode is.in approximately the same location as it was in

Compensation Configuration #2,.
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Sarpling Rate .1l sec

Rate Gain 3.0 sec
Short Period
Zero 1.0 rad/sec
Pole 2. rad/sec

lst Mode Notch

Zero Damping .02
Zero frequency le*
Pole damping .55
Pole frequency h.5

2nd Mode Notch

7ero damping .025
Zero frequency wT 3*
2
Pole damping .55
Pole frequency heS

379 Jiode Notch

7ero damping .02

Zero frequency mT

3

Pole damping of

Pole frequency 5.0
Loop Gain 1.23

#Identified Frequency

Table IV. Compensation Configuration #3 at 78 sec
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This Compensation Configuration cannot be applied directly to
other flight cases as a result of its being so highly optimized to
the 78 sec flight case. Figure L3 and Ll are gain phase plots of
this system applied directly to the 8 and 157 sec flight cases,
respectively. In Figure 43 the 2nd and 3rd bending modes extend well
into the area desired as a short period operating point., In
Figure Lli the short period operating region is cut into by a frequency
between the ISt and 2nd bending modes. This is caused by the two
notch filter poles at L.5 rad/sec and .55 damping., In order to
maintain the configuration at 78 seconds and improve the operation
at other flight cases the notch poles can be moved along with the
notch zeros. In order to make such a system coincide with the 78
sec flight case the first mode notch pole frequency would be 1,95 wT ’

the second mode notch pole frequency .80k W and the third mode 1
2

notch pole frequency .55 @ Figure L5 and L6 are gain phase plots

e
of the 8 and 157 sec flightBCases with the notch pole frequencies
determined in this manner, Only a slight improvement has been made

at the 8 sec case by allowing the notch pole frequencies to change
with the notch zero frequencies, about 2,5 db at the second bending
mode. A much greater improvement is made at the 157 sec flight case,
The normal short period operating region is cleared of all high
frequency loci., By operating with a loop gain of .5 a short period
frequency above ,7 radians/sec is obtained with 6 db of high frequency
short period gain margin. The first bending mode is phase stabilized
by 125o and the second mode by 500. By allowing the notch poles to
vary along with the notch zeros an entirely new picture is created
with respect to the adaptive stability., Before this system could

be considered acceptable, study would have to be made to determine

if an identification null can be achieved with an unstable system

(i.e., an operating point similar to that shown in Figure 10,
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Fourth Bending Mode

The basic vehicle data suggests that the fourth bending mode
will have little influence upon the system operation or stability
except possibly at 149 seconds when its mass drops to a minimum
of 1600 Kg - secz/h. A gain phase of this flight case using
Compensation Configuration #2 inciuding the fourth bending mode
is shown in Figure L7, It is evident from the plot that the fourth
bending mode has a significant residue, however, the open loop gain
at the fourth mode frequency can be reduced by 12 db using a simple
lag at 5 radians, The fourth bending mode therefore does not present
a significant vehicle stability problem,

Stability with Fuel Slosh

The fuel slosh modes have a much greater influence upon system

stability and in turn will influence the identification performance
of the spectral system. The majority of the stability and trajectory
analysis did not include fuel slosh because of the significant increase
in computations required with slosh included with the resultant
increase in cost and time to perform the analysis. A stability
analysis was made using Compensation Configuration #2 for the 8,

78 and 157 sec flight case with fuel slosh and baffles included. The
gain phase curves generated in the analysis are given in Figure b8,
49 and 50, These figures should be compared with the no slosh case
shown in Figure 21, 22 and 23, respectively. In comparing the 8 sec
case (Figure L8 and 21) where the major alteration is in the first
bending mode which has either been raised in frequency or been
replaced by a slosh mode. In either case the mode with slosh is

much greater in magnitude with a reduced phase margin, If this in
actuality represents a slosh mode the effect upon the spectral
identification system is questionable since the input sensor to the
spectral identification system contains only bending and no direct
slosh measurements. At the 78 sec flight case (Figure L9 and 22) the
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3.1.3

first bending mode and significant slosh mode are both easily
recognizable, The amplitude of the first bending mode is reduced
and the slosh mode much more significant than the first mode. At
the 157 sec flight case (Figure 50 and 23) the slosh has not greatly
effected the first bending mode, however, the slosh mode itself,
though reduced in magnitude from the other flight cases, has cut
significantly into the short period stability boundaries,

The 8 sec flight case using Compensation Configuration #2 was
run with fuel slosh and no baffles, A gain phase of this system is
given in Figure 51, The third slosh mode is phase stable with only
about So of phase margin and the first slosh mode now shows a
significant effect upon the gain phase,

It is evident from these plots that fuel slosh does definitely
effect the system stability, Its effect upon the spectral identification
system and thus the bending stability must be determined by simulation
because the sensor used as an input to the spectral identifiers
measures only bending and thus slosh excitation in the system could
only effect the bending frequency identification by its influence
on bending,

WORST CASE ANALYSIS

NASA working papers concerning bending parameter variations due
to variations in Vehicle EI characteristics for the Saturn V were
analyzed to obtain an estimate of worst case bending parameter
variations for Model Vehicle II,

The data analyzed was of bending mass, frequency, slope and
deflections for variations in vehicle stiffness of + 50% at each
interstage and + 104 overall for the max q flight case, The bending
parameter variations required for Model Vehicle IT and the basie
control system studiea are the bending frequencies, mass, and slopes
at the instrument unit and the 1:2 interstage region for the first

three bending modes,
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In obtaining the worst case data the following procedure

was followed:

l. For each of the four variations in vehicle stiffness the
incremental change from nominal of each bending parameter
required was generated,

2. Table V was generated to show the effect of each stiffness
variation on each bending parameter required (i.e.,
whether the tendency is to increase, decrease or is
negligible),

3. Analyzing Table V shows that a maxirmum positive variation
in all three bending frequencies is obtained if
Interstage 1:2 stiffness is +50%

Interstage 2:3 stiffness is +50%

Interstage 3:li stiffness is +50%

Overall stiffness is -10%
A maximum negative variation in all three bending frequencies is
obtained if

Interstage 1:2 stiffness is -50%

Interstage 2:3 stiffness is -50%

Interstage 3:l; stiffness is -50%

Overall stiffness is +10%

A maximum decrease in Mys Yl'(IU), and Y2'(IU) and YBzI:QIS) and
a maximum increase in m,, YB'(IU), Yl’(l:ZIS) and Y2'(1:2IS) is
obtained if

Interstage 1:2 stiffness is +50%

Interstage 2:3 stiffness is -50%

Interstage 3:li stiffness is =50%

Overall stiffness is -10%
A maximum increase in m., Yl'(IU), Yz'(IU) and YB'(1:2IS) and a
maximmn decrease in m, YB'(IU), Yl'(1:QIS) and YZ'(I:QIS) is

obtained if
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Interstage 1:2 stiffness is -50%
Interstage 2:3 stiffness is +50%
Interstage 3:l stiffness is +50%
Overall stiffness is +10%

A maximum increase in m. is obtained if

3
Interstage 1:2 stiffness is +50%
Interstage 2:3 stiffness is -50%
Interstage 3:L stiffness is +50%

and a maximum decrease in m. is obtained if

3
Interstage 1:2 stiffness is -50%
Interstage 2:3 stiffness is +50%
Interstage 3:L stiffness is -9%

These 6 variations in vehicle stiffness are then defined to be the
worst case configurations 1 through 6, respectively.,

h.

For each of the six cases a total incremental variation
in each bending parameter was obtained by adding the
incremental changes for each apovropriate stiffness
variation, For the bending frequencies and masses these
were converted to a percentage of the nominal in order

to apply them to Model Vehicle II, Since the bending
deflections are normalized to be 1 at the nozzle for both
vehicles and since a percentage variation of a parameter
which goes through zero is nebulous the slope incremental
variations were transferred directly to Model Vehicle II.
Although these variations are computed for the max q flight
case (the only case for which data is available) they were
assumed appropriate for all flight times. Table VI gives
the variations as a percent for frequency and mass and as
a magnitude for the slopes which were applied to Model

Vehicle IT in the worst case bending analysis. This data,
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WORST CASE CONFIGURATION

1 2 3 L 5 6
WA +12,3% -19,4% -0.2% -6.8% +2,L% -10.2%
WA +11,0% -13.L% +0,9% -3.2% +5,1% - 7.2%
WA + 7.0% - 9.8% +3,1,% -6,2% +0,L% - 3.0%
my - 7.8% +L0,6% +53.3% -20, 4% +4.9% +27.9%
m, - 5.3% +12,8% -32,2% +L,0.7% -15,0% +23.7%
my +10,3% - 9.8% + 6,9% - 6.0% +15.1% -1k, 7%
Y, (1U) .008l -.0338 -.0677 0423 -.0208 -.00L6
Y1, (T1) 011 -.0237 -.0797 0701 .0111 -.0207
Y'B(IU) -.02388 .01366 .0L259 ~-.05281 -.008L7 ~.00175
Y'i(I:QIS) -.0055 -.00L1 .012); -.0220 =.0015 -.0081
Y'2(1:2IS) .0039 -.,0305 .0102 -.0368 -.0039 -.0100
Y'3(1:218) 01391 00502 00983 .02858 01012 .00863

Table VI, Incrementzl Variations in Bending Parameters

for Model Vehicle IT for 6 Worst Case Vehicle

Configurations
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plus variations on the aerodynamic and dynamic data

for Model Vehicle TI, were utilized to investigate the
effect on the system stability when the off-nominal vehicle
parameters are utilized in conjunction with the control and
adaptive system parameters designed using nominal vehicle

parameters,

The six worst case configurations defined by Table VI
plus worst case variations in the center of gravity

(-.5 meters), center of pressure (+3.02 meters), c, (+6%)
and forward loop gain (-10%) werec used to determineatheir
effect upon systems stability. Figure 52 through 69 are
gain phase plots for these six worst case contigurations
for 8, 78 and 157 sec flight case using Compensation

Configuration #2.

All worst case configurations remained stable except for the
8 and 78 sec flight case using worst case configuration #2.
In the worst case configuration #2 at 8 and 78 sec the second
bending mode is unstable plus the third bending mode by
about 1/2 db at the 8 sec case, In order to stabilize this
case a lag phase shift of L0° at the ond bending mode and 5°
at the third bending mode are required., This can be obtained
by the addition of a lag lead network to the short period
compensation and/or decreasing the damping on the first and

second mode notch poles.,

The most important point in this analysis is that neither
the short period nor the first bending mode become unstable,
Short period gain margins were reduced significantly in some
case but zbsolute short period stability was always

maintained.
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3.1.L LOAD RELIEF
The main purpose of the load relief system design was to
demonstrate the operation of the spectral identification system,
The principal features of the designed load reiief system are:
as The system features a conventiorzl normal acceleration
loop, including second order digital compensation in the
NZ loop.
b. The load relief system becomes operative when the normal
acceleration at the output of the Nz loop filter exceeds
a threshold level,
c. When the Nz loop is operative, the ordinary short period
and bending compensation is unchanged but the Nz loop
(in the control computer) includes the option of using a
different rate gain and a (constant factor) gain adjust
on the system programmed forward loop gain,
Figure 70 is a gain-phase plct of Compensastion Configuration #2 with
the Nz loop closed. The Nz compensation 1is second order, and includes
(frequency characteristics) a pole at .3 rad/sec, a zero at 1 rad/sec
and a second pole at 3 rad/sec. Equation (10) is the Z form

of the Nz compensator,

(Z-,90L69) (2+1) (10)

DN (Z) =
2 (Z-.970Lk) (Z-.737L2)

gain normaligzed

The N, loop gain (actual) is +.368, the rate gain and system loop
gain are respectively 3 and 1,1 when the NZ loop is operative., The
Nz loop threshold used for the trajectory runs is 0,1 m/sec2,
monitored at the output of the DC gain normalized Nz loop filter,

In the flight computer the Nz signal from the accelerometer (mounted
at 46,54 m) would be processed through the N, filter from 1ift-off,
and the output of the filter tested at each control cycle time.
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3.1.5

When this signal exceeds the threshold specified, a different control
equation, including the Nz term, the new rate gain and the NZ loop
gain adjust would be processed by the control computer., Vhen the

Nz signal from the Nz filter goes below the threshold, the normal
system control equation would again be processed, This system
results in a 37.7% reduction in peak loads due to wind disturbance.
Additional load relief can be accomplished by increasing the short
period frequency of the basic attitude control system as was done in
Compensation Configuration #3. The increase in short period frequency
of the attitude control loop will aliow for higher load relief system
gains and bandwidth,

The primary cbjective of establishing the adaptive system
performance with load relief was achieved using this system,
TRAJECTORY SIMULATIONS

A great number of trajectory simulations were made which
represents a huge bulk of material, a single trajectory run being
represented by up to 70 time function plots. In order to extract the
significant points from the trajectory simulations a double sifting
of the data was performed, First the most significant trajectory runé
were selected and secondly, from these runs only the plots of the

most significant vehicle parameters are included
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Compensation Configuration #1

Figure 71-1 through 71-8 is a partial trajectory covering the

time period from t = 10 sec to t = 90 sec using GCompensation
Configuration #1. There is no wind and the spectral identifier is
initialized 25% below the actual open loop bending frequencies. At

this initial setting all three bending modes are unstable as shown
by the gain-phase of Figure 72 which is at t = 8 sec with 25% detuning
on all three bending modes. TFigure 71-1 shows that after 8 sec of
trajectory time the bending frequencies have been identified within

% of the open loop frequencies which the stability analysis shows
is a stable system., During the time that unstable operation existed

the bending did not diverge or become excited enough to significantly
disturb the gyro output (Figure 71-2), the rate gvro output (Figure 71-L),
the delta rate gyro output (Figure 71-5) or the nozzle deflection .
(Figure 71-6). 1In Figure 71-1 from 66 to 80 sec all three identified
bending frequencies remain constant., This is because the identification
system found no legitimate peaks in that the bending amplitude was

low enough to be below the resolution level set on the identifiers,
Other parameters from this run are the nozzle rate and angle of attack,
Another trajectory run was made for the time period t = 90 to t = 157
sec for this same system but is not included in this report, The
stability analysis indicated that a 157 sec the first bending mode
would be unstable if the adaptive spectral identification loop was

at muil, The system did not go unstahle however, because lags in

the identification system caused the first mode to be identified low

at 157 sec,

Figure 73-1 through 73-8 is the same system as Figure 71-1

through 71-8 except for an @ input. The wind was not initiated

until 2 sec and thus the first portion of the runs of Figures 71
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and 73 are identical. Trajectory following was similar until the
max q region indicated by Figures 71=2 and 73-2., The trajectory
following became worse with the additions of winds as would be
expected., The bending activity between the two runs is similar
until 78 sec where a rapid change in the @, profile occurs which
significantly increases the bending excitztion as indicated by the
differential rate gyro output (Figure 73-5-%). The second and third
bending mode becomes poorly identified at times, This is caused
primarily by wind energy being high at frequencies other than the
bending frequencies., This run and other runs indicate that even
though one or more bending modes are poorly identified at times, the
proper identification will be regained before significant bending
defliections are generated from a resultant unstable mode, This is
because either the energy source producing the extraneous energy
disappears or because the bending bnilds up just great enough to be
larger than the extraneous energy source and thus identified. The
wind profile used for this run was not the standard worst case wind
profile used in the rest of the trajectory runs, but,in general, a
worse wind than the worst case wind profile. Loads on the vehicle
have increased significantly because of the wind profile which can be
seen by comparing the nozzle deflections (Fijures 71-6 and 73-6) and
the angle of attack (Figures 71-8 and 73-8). These loads can be
reduced by the addition of a load relief system and by increasing the
vehicle response through more optimum control compensation,

The worst éase wind profile is shown in Figure 7h. This profile
includes a peak gust at 72 seconds, In order to determine the effects
of initially having the spectral identifiers tuned 25% high a gain-
phase using Compensation Configuration #1 for the 8 sec flight case
was generated and is shown in Figure 75. TFigure 76 is a partial
trajectory for the time period t = 10 to t = 90 seconds using
Compensation Configuration #1 with the worst case MSFC winds and the
notch filters initially detuned 254 high. For the first 52 seconds
until the @, profile starts, this figure can be directly compared
with Figure 71 where the notch zeros were initially detuned 25% low,
Comparing the differential rate gyro outputs at an expanded scale
showed that the second and third bending modes are much more excited with
the notch zeros initially detuned low, At 72 seconds the bending

excitation increases significantly due to
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the wind gust. The wind gust has a duzl effect. It directly
excites the bending to cause large deflections but it also detunes
the identifiers, destabilizing the system and further increasing the
bending excitation as indicated by Figure 76-1, VWhen the gust is
passed the spectral identifiers rapidly re-identify the bending

and returm to a stable configuration,

Compensation Configuration #2

Figures 77 and 78 are gain phase plots showing the effects of
detuning the notch zeros 25% high and low. When tuned 25% high as
shown in Figure 77, all modes are stable, Yhen tuned 25% low as
shown in Figure 78, the firét and third modes are unstable, A
trajectory rcsponse equivalent to Figure 76, but using Compensation
Configuration #2, is shown in Figure 79. The response with Compensation
Configuration #1 (Figure 76) and with Compensation Configuration #2
are very similar until the gust is applied at 72 seconds, With
Compensation Configuration #2 the second bending mode is much more
exciteds With Compensation Configuration #2 the loading indicated by
nozzle deflections and angle of attack is comparable with Compensation
Configuration #1 indicating the requirement for increasing response and
for a load relief system,

A complete trajectory, i.e., t = 10 to t = 157 sec, using
Compensation Configuration #2 is showm in Figure 80. Trajectories
were always started at t = 10 seconds rather than at t = O sec because
with a digital simulation there is no excitation to the problem until
pitchover occurs. In Figure 80 the load relief system is operative
but does not cross the threshold and switch until after 60 sec.
Comparing Figures 79-1 and 80~1 it can be seen that the identification
is more rapid and better when the notch zeros are initially detuned
low, This is caused by the first and third berding modes being
initially unstable when the notch zeros are tuned low. With unstable
berding modes the oscillatory bending deflection increases more
rapidly and is thus more easily identified., With the spectral
identification adaptive control system is is generally the case if
the bending is well stabiliized and thus excited very Iittle, the

spectral system will show poor identification because the bending
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enery is iow, If, on the other hand, the bending energy is high

due to poor bending stability, the bending frequencies are well
identified by the spectral system, It is, in fact, this operation

that guarantees stability if the basic control system is properly
designed because the more unstable the bending becomes and thus

more excited, the more accurate the identification becomes and thus,
the better assurance of a resultant stable configuration. When the
load reiief system is initially turned on at 60 sec the identification
becomes disturbed because of a large transient seen on the differential
rate gyro signal (Figure 80-lj). Tdentification accuracy returns

to normal after the transient is passed and remains good throughout

the rest of the load relief system operztion until another transient

is produced vhen it is switched out. The loads zre most easily seen

by the nozzle side force caused by the nozzle deflection (Figure

80-6) and are considerably reduced with the locad relief system

as compared with Figure 79-6. The load relief system results in a

load reduetion of 37.7%. A further load reduction would result if the
short period response was increased by the use of Compensation
Configuration #3,

Of basic conern is the effect of random noise on the
identification system. The major source of random noise is randcm
wind gusts. A worst case random wind gust profile was added to the
MSFC worst case wind profile to generate a random input source for
the simuiation., These random wind gusts were generated by filtering
the output of a random number generator to obtain known wind frequency
characteristics., A peak gust velocity of 120 meters/sec was assumed.
The total @, profile is shown in Figure 81. Figure 82 is a trajectory
response with the @, profile of Figure 81 using Compensation
Configuration #2 with the load relief operative., The frequency
identification deviation during the high disturbance time (t = 50
to 90 sec) is less with gust energy present as can be seen by comparing ‘
Figures 80-1 and 82-1, In the vicinity of 112 sec there is a

period when the second and third mode filters do not identify
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(Figure 82-1), Figure 83 is a spectrograph of the spectral filter
output amplitudes taken during this period of time. The spectral
identification system first chooses the three largest peaks occurring
at n values of 11, 15 and 20, These three peaks are associated
with the three bending modes in the mzrmer 20 with the first, 15
with the second and 11 with the third., A test of the ratios insuring
the separation of the bending frequencies then rejects the peaks at
11 and 15. The peak at 15 is not caused by the bending but by the
gust energy. The peak at 11 is caused by the second bending mode
and thus should not be associated with the third mode., If the peak
at 15 would have first been rejected as being too close to the first
mode and then the three largest remaining peaks selected which occur
at 20, 11 and 5, proper identification would have been made, It is
evident that while no really bad tuning occurs due to the processing
technique, more information is present in the filter outputs than is
utilized., This is a good example to illustrate the identification
accuracy vs. information processing sophistication tradeoff. In this
case, very little would be gained by the additional processing since
geod dynamic stability is maintained without the additional processing.
Normal identification of all three modes resumes near 120 sec in
Figure 82-1,

As would be expected the addition of random gusts increases the
bending activity but the spectral identification system maintains
a stable control system thereby maintaining acceptable operation. In
actuality, the identificstion is improved with the random gust input,

Instrument Noise

Another major source of random noise is generated by the control
sensors, Wideband noise was added to each instrument. Peak instrument
noise values used were + 5 degrees on the attitude gyro, + .25

deg/sec on the rate gyro and + 1,1 deg/sec on the differential rate
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gyro. All of these values are much greater than would be ordinarily
expected on a well functioning sensor. Figure is a trajectory
response with these values of sensor noise. It is identical to the trajector
of Figure 82 except for the addition of the instrument noise, The
instrument noise further improves the freqguency identificstion and
does not significantly affect the trajectory following. The
bending is more excited due to the increased activity of the nozzles
caused by the sensor noise,
Fuel Slosh

In order to simplify the vehicle dynamics with slosh included
and the resultant cost of simulating the vehicle, the conglomerate
characteristics of the three slosh modes were approximated by a
single slosh mode, The approximation was made by comparing the open
loop gain phase of the vehicle with three slosh modes to that of the
vehicle with one slosh mode. The best approximation occurred when
the unmodified third slosh mode was used. An open loop gain phase
of this system is shown in Figure 85. The slosh peak with only one
mode is reduced by about 5 db from that with three modes. Since the
mode is close to the 0° phase line this results in only about a 2 db
change in the closed loop system, The general shape of the gain
phase curve is the same for either 1 or 3 slosh modes. A trajectory
run with the single slosh mode was made and is shown in Figure 86,
A comparison of this trajectory with Figure 79 shows that the addition
of the slosh mode increases the bending activity especially of the
first mode, however, there is no tendency shown for the spectral
identifier to identify the slosh frequency., There is a shift in the
identified first bending mode frequency which can be attributed in
part to a real shift in the bending frequency with the change in the
vehicle dynamics and partly to poorer identification which is indicated

by higher bending activity,
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Figure 87 is a spectrograph of the spectral filter output
amplitudes, A slosh peak is recognizable around the integer value
17. The identification system does not, however, interpret this as
a legitimate peak beczuse in each case there are not two integer
points on cach side of the peak which have amplitudes lower than the
peak value,

With a more highly active slosh mode it would be expected that
the slosh mode would be identified at times, If a notch were placed
at the slosh frequency the system configuration would dictate whether
the bending and/or slosh mode were to go unstable, If the system
were to be designed so that the slosh mode remained stable whether
the notch were placed at its frequency or not, then the displaced notch
from the bending mode would cause the bending to become unstable,
thus more excited and in turn, be re-identified. One would thus
expect the vehicle to cperate with the bending activity larger than
the slosh activity as messured by the delta rate gyro signal so that
the bending frequency would be identified,
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3.2 ACTIVE CONTROL

The term active control is uced to describe a control system designed
for a flexible vehicle which goes beyond the normal system which is
generally designed to control the vehicle in spite of bending., An active
bending control system is one which controls the bending as well as vehicle
attitude, To obtain a system which will control bending a sensor to measure
bending is required. The obvious sensor to use is the differential rate
gyro which as previously described has only bending signals on its output.
The differential rate gyro output must then be processed and summed with
the normal attitude control error to form the total nozzle command signail,
This processing of the differential rate gyro signal in a linear system
amounts to a compensation network, To obtain a system which is tolerant
of chznges in vehicle dynamics and flexibility paremeters the compensation
on the differential rate gyro output will have to be changed during fiight
by some adaptive control sensor, With these adaptive control loops
removed the active control system open loop block diagram is represented
by Figure 88, Before an adaptive system can be designed to generate the
G-function the desired characteristics of this function must be determined,
The total open loop transfer function of BC/BC can be expressed in partial
fraction form. The partial fraction expression will contain two terms
for each bending open loop root, one term having the complex conjugate

root and residue of the other term, Defining a function Y to be the
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sum of one of the bending partial fraction terms for each bending mode

then for three bending modes

+ 3JF E, +J F E,+JF
ngl 1 .2 2 .3 3 (11)
zZ + ap *J b1 z + a, * J b2 Z + 2y + 3 b3
For each of the vehicle transfer functions of Figure 86 an expression
similar to Y can be defined, i.e,, a function € being the sum of one
bending partial fraction term for each mode for ¢i + Ké ¢I /Bc and p
1
being the sum of one bending partial fraction term for each mode for
¢I - ¢I /BC Yleldlng
1 2
Ay + B A, + JB A, + 3B
e = 1 1 ;2 2 + 3 3 (12)
Z+ ay + b1 Z + ay *+J b2 Z + 33 + 3 b3
and
C,+3D C,+3D c,+3D
p=1 1 +2 2 +3 3 . (13)
Z + a; * 3 bl Z + ay + b2 Z o+ aq + b3
The function Y must then be the select partial fraction terms from
€ + G(Z)p, Thus, the Y function residues are
E1+JF1=A1+JB1+G(-al-Jbl)(Cl+JD1) (1k)
E2 +J F, = A2 + JB, + ¢} (—32 - Jb2)(C2 + JD2) ' ‘ (15)
E, +J % =A,+ 3B, +G (-a, - jb,)(C, + 3jD 16
3+ 3 Ty 7 Ay v By (-agy - 3by)(Cy JD3) (16)

Separating the real and imaginary portion of these cquations produces
a set of six equations. PFor each flight case with a fixed rate gain the
values of A, B, C, and D are known for the nominal vehicle. If the

values of E and F can be determined from the desired hending response
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then these six equations can be solved to determine six design variable
coefficients in the G function in terms of the remaining design variable
in the G function, assuming the existence of more than 6 design variahles,
For example, if we define a G function to be of the fom:

3 2

a_ Z +Q’22 +alz+ao
3

2
727+ v2 VAR S vl Z + vo

6(z) = an

then each of the equations (1h), (15), and (16) are of the form
. 2 3 2. 2
(€; + ;) { Ly (Bayb; %2, )+ @y (a; 70, %)- @34
+ 5 o (b,3-3b.a,%) + @, +2a,b.~ @b ]} = [(B.-A,)+35(F.-B.)] {[(3q b, °-a, )
J 410y 7=5bsas 2°28304= %0 2y =hy JHIUE =54 4% 73

# v, %0 %) - via ] 43 [(b13“3biaig) *vpr2ab; = b, ) (18)
where 1 =1, 2, 3
Equation (18) can be scparated into its real and imaginary parts producing
a set of six equations. In these six equations there are seven unknowns
(i.ed, ¥ys Ups U35 s Yy, Vq and VO). Six of these unknowns can be
solved for in terms of the remaining unknown, If the remaining unknown
is chosen to be d3 then these six equations in matrix notation can be
expressed as:

MX =V ’ (19)
where M is a 6 x 6 matrix and X and V are both 6-vectors, From

equation (18)

Mq =0 (a12-b12) - 2 a;b,Dy (20)
Mo = - 20 * 24Dy (21)
SRt (22
Mih = (Al-El)(alz-blz) + 2(F1—B1) albl (23)
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(El-Al) a1-by (Fl-Bl)

A- B

2-b22) - 2 a,b.D

¢, (a, 20205

=2,0,%0,D,
C,

2. 2
(A2-E2)(a2 -b2 ) + 2 a,b.(F.-B
(E2-A2) 32-b2 (Fz—Bz)

A -E

2°72
c, (a32-b32) - 2 ajb,Dy
~ay C3 + by Dy
C5
(AB-EB)(aBZ-bBZ) + 2 agb, (FB—B3)
(EB-AB) ay = by (FB-BB)
Ay-Ey

2 2
D1 (a1 -b1 ) + 2 alblcl

-a10y-b4Gy

L6

2222)

(2L)
(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(3L)

(35)

(36)
(37

(38)

(39)

(L0)



_ 2 2
MmJ = (Bl-Fl)(al —bl Y +2 alb1 (Al-El)
Mg =2y (F=B)) + by (Ey-4,)

M}J6=B-F

1°- 5
) 2 2
Mey =D,y (3,75,%) + 2 abc,
M52 = o 32D2 - b2C2
M.. =D
53 2

MSb = (BZ-FZ)(aQZ-bzz) + 2 a2b2 (A2-E2)
M55 = a, (F2~32) + b2 (E2-A2)

M = B F

56 2 2
- 2., 2
Mél D3 (a3 -b3 ) + 2 a3b3c3
M,,=-aD. ~b.C

62 373 ~ P30

M63 = D3

Mo = (B,-F.)(a,2-b.%) + 2 ab. (A.-E.)
6l 3773/ a3 -by

337373

Mog = a3 (F3=Bj) + by (Eg-A,)

Yeg = B3T3
h=9

L7

(L1)

(L2)

(L3)

(L)

(L5)

(L6)

(u7)

(L8)

(L9)

(50)

(51)

(52)

(53)

(5h)

(55)
(56)



X, =@ (57)

1

X3 = (58)

Xy = v, (59)

X5 = vy (60)

Xg = Vg (61)
i 2 3 3 2

vy = (El-Al-O’BCI)(Balbl -a; )-(Fl-sl-a3nl) (bl -3bja,°) (62)
N 2 3 3 2

Vy = (By=Ay=0,) (32,0, a, ) - (F,=B,=2.D,) (b,7-3b,2,°%) (63)
- AL 2 3 oo 3 2

Vy = (By=Ay=23C5) (32 b,"way7) - (Fy-By=a.D,) (b7 3043, (6L)
} 2 3 3 2

V), = (Fy=By=¥3D.) (3a;b) "2y 7) #(E) -2, -¥5C,) (by "= 30,2, %) (65)
) 2 3 3 >

Vg = (FZ-Bz-GBDZ)(BaZbZ -a, )+(E2-A2-a302)(b2 ~3b,a,°) (66)
o 2 3o 3 o 2

Vg = (F3=B3=a3D3) (3a3b,"-a,7) +(Ey-A3¥304) (by7=3b3a ") (67)

A possible desirable set of values for the open loop bending residues
is zero., Under this condition the control system has no effect at
all on the bending, thus producing a complste decoupling between attitude
control and vehicle bending. This represents more decoupling than could
be provided by placing the instruments on a theoretical though non-
existent bending mode for all three modes, in that under this condition
bending coupling would still exist through the aerodynamics and thrust
forces,

These equations were solved for the 78 sec nominal flight case
with the result:

@, = - ,32990995-2,3695892 «

5 (68)

3
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o = ,h9906993+2,1397287 oy (69)

1
@y = - .27268560-,69L3850 o (70)
v, = = 2.18679058+,6887001 B (71)
vy = 2.L50258)2-.6612812 o, (72)
Vo = =1.28655078+,3283598 oy (73)

A gain phase for this system with oy = 7.5 is shown in Figure 89 Tt
can be seen that all effects of bending on the gain phase have been
renoved, With no short period compensation it is possible to operate
above 1 rad with a *+ 12 db gain margin and hSo of phase margin. This
can be compared with the gain phase of the system with no bending
compensation, Figure 90 and with perfect instruments, that is the
bending slopes for all three modes zero at the instrument locations,
in Figure 91,

A root locus and time response were made of this system. The
root locus is shown in Figure 92, The open loop poles and zeros show
that the natural system bending zeros have been drawn in to exactly cancel
the bending poles,

Figure 93 is a time response of the system with the vehicle dynamics
fixed at 78 seconds. It is a yaw simulation with worst case winds.
Figures 93-1 and 93-3 shows that the bending, especilally the first mode,
is still excited and very lowly damped. The nozzle deflection, Figure 93-hL,
shows no bending component at all which is further indicated by no bending

observed on the nozzle rate, Figure 93-5.

The bending being generated is from the Q@ input, This leads one
to two new areas of investigation. The first is to determine if a

compensation on the delta rate gyro output can be designed to zero the

L9



closed loop residues of both the transfer functions ﬂ/aw and ﬂ/¢c
simultaneously. The second design direction is to cause the bending
frequency open loop gain-phase value to be such that upon closing the
loop the feedback will degenerate the bending independent of its
excitation source, In both studies a great deal of effort will have
to be apolied to reducing the sensitivity of the closed loop response
to variations in vehicle parameters, This system is very sensitive
to bending mode slope values. In general one would expect unstable
performance at other flight cases and for an off nominal vehicle, Tt is,
however, possible to extend the technique of determining the G function
to several flight cases. In doing this the order (i.e., the number of
independent coefficients in the G function) is increased by six for each
added flight case. It may be possible that a reasonable sized G function
could be determined which would provide acceptable vehicle performance
for all of the flight for nominal and off nominal vehicles, The actual
search for such a function was felt to be beyond the scope of this
study, however, considerations were given to how one might intelligently
approach such a search., It can be noted from Equations (1), (15), and
(16) that the G function of the single flight case example is uniquely
determined by the equation
.+ JF - A = jB,

G(_ai_jbi) - il - ; Dl i J i

i i

H i-= 1, 2, 3. (7’4)

In the example given all Ei's and Fi's were set equal to zero where in
reality a region of values of the Ei's and F&'s are acceptable, If
values of zero for the Ei's and Fi's are assumed the midpoint of the
acceptable region then it will be noted that for each flight case the
values of ai and bi vary and using Equation (7L) with Ei = 0 and F& =0
a set of values of a; *+ j bi with their desired value of G(-ai -3 bi)
can be determined for a large number of nominal and off nominal flight

cases. The desired G function good for all flight cases can then be
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produced using normal curve fitting procedures whereby a function

is obtained which maps a set of numbers (i.e., the a; *+ J bi's) into

an associated set (i.e., the desired values of G(--ai - bi)). In

curve fitting the function order is in general specified, thus, the.
problem becomes one of determining the lowest order G function which will
give acceptable performance over all nominal and off nominal flight
conditions. Acceptable performance can be determined by running the

gain phase curves for all the flight cases using the G functions determined
from the curve fit,

Adaptive Generation of the G Function

The existence of a G function for a particular flight case which can
completely remove all bending excitation from the nozzle command signal
without distﬁrbing the short period gain phase implies the possibility
of utilizing an adaptive system to reduce the sensitivity of the basic
system to parameter uncertainties and changes. The adaptive system
must operate to remove all‘the bending from the system. Assume the
total error signal (¢I + Ké éi) before bending is removed to be composed
of a dc term plus decaying sine waves at frequencies other than bending
plus three sinusoidal bending terms. A single bending term can be
derived off of the delta rate gyro signal by bandpass filtering and is
assumed to be of the form Al sin wl t. Differentiating this signal
produces Al wl cos wl t. The first bending mode signal on the system
error 1s assumed to be B, sin (wl t + ¢1) which equals B

1 1l
+ By sin ¢i cos wy t by trig identities, If the filtered delta rate

cos Qi sin w) t

1 and its derivative by K2 and both these

signals subtracted from the error signal to form the Bc signal then the

gyro signal is multiplied by K

first bending mode signal on the error signal becomes

(B1 cos ¢1 - AlKl) sin wlt + (B1 sin 1-A1K2 wl) cos wlt (75)

The dc average of the total Bc signal times the filtered delta rate
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gyro output is
(Bl cos ¢1 - AlKl)

A (76)
1 2

and the dc average of the total Bc signal times the derivative of the
filtered delta rate gyro output is

Ay wq (B1 sin ¢1 - Al K2 wl)

(17
2
If an adaptive loop is closed to generate Kl by integrating (76) and
K2 by integrating (77) then Kl becomes the solution of
. A, (B, cos @, - A )
P-ah 1" MK (78)
2
and K2 the solution of
. Ay w. (B, sin 4. - AL K, w.)
K2 111 1 1 27 (79)

2
The adaptive loop produces a steady state value of K1 equal to

B, cos ¢i

A
B, sin ¢1
and a steady state vaiue of K2 equal to ————-—=,
M9

Substituting this into Equation (75) reduces the first bending mode
signal on Bc to zero.

In order to study the characteristics of the adaptive bending
suppression system a simple open loop test was generated, Figure 9k is
a block diagram of the adaptive system with test inputs. The test

inputs are equivalent to having a single sinusoidal bending signal on
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both the system error and the deita rate gyro outputs. Provisions are
made to vary the amplitude and phase relstionships of both inputs along
with system gains. Figure 95 shows the Bc response of the system for

system parameters of

w = 2 rad
g = hso

a = ,1

b = .9

c =V2
D=1

GR = 10

T = .1 sec sampling rate
The system shows very rapid response in eliminating the bending sine
wave on the system error inpgt. Without the suppression system Bc would
be a 2 radian sinusocidal with peak amplitude of V2. It is interesting
to note that within 1 period 95.7% of the bernding signal has been removed
from the error signal which is equivalent to 27.5 db attenuation at the
bending frequency, and the attenuation is even greater as time progresses.
Figure 96 and 97 are the time response of the adaptive gains Gap and Gér’
respectively, A difficulty exists with the system in that it is highly

sensitive to input amplitude on p, the delta rate gyro input. Figure 98
is the Bc response where the p amplitude is doubled (i.e., D = 2). Tt
is difficult to determine the amount of 2 radian signzls in Sc’ however,
an intolerable amount of 1 radian (half the bending frequency) and L
radians (twice the bending frequency) exists., Figure 99 is the Bc response
with the amplitude on the delta rate gyro signal halved from that of
Figure 95. In this case the rejection response is greatly slowed though
there is no apparent generation of harmonics,

The reason for high amplitude sensitivity to the delta rate gyto
input can be shown anaiytically by referring to Figure 100 which is a
simplified diagram of half of Figure 9k.
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From the diagranm G is obtained by putting the signal p(€ - Gp) through
a low pass filter, If it is assumed that p =D sin wt, € = ¢ sin (vt + &)

and that the low pass filter will pass only dc then

G = de portion of [DC sin wt sin (wt + ¢) - DG2 sin2 wt ] (80)

Using trig identities this becomes

G = de portion of L(DC cos @ - D2G) sin2 wt + DC sin ¢ sin wt cos wt]

(81)
which by double angle formulas is
. DC sin
G = dc portion of L(DC cos & - D2G)(% - % cos 2 wt) + ““?;"“Jé sin 2 wt]
(82)
which is
G =-12- (DC cos # - D°G) (83)
The Laplace transform of G is then
% DC cos ¢
5+ o

Thus, in the simplified case the adaptive loop has a pole at D2/2

where D is the input amplitude of the delta rate gyro signal., 1In the
real system the dynamics of sampling plus the non-ideal characteristics
of the low pass filter and the system nonlinearities changes the response
characteristics from that of a simple lag, however, it does not negate
the sensitivity of the response to the square of the input amplitude of

the delta rate gyro signal. The input amplitude on € should have no
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affect upon the system response which is demonstrated by Figure 101 and
102 for values of ¢ = 8 /2 and % /2, respectively,

In order to remove the amplitude sensitivity of the p input a method
of adaptively modifying the input amplitude must be used, Two methods
of doing this were tried. In the first a low pass filter was placed on
the square of the p input signal. The square root of 2 times the filter
output was assumed to be the peak input amplitude as shown in Figure 103,
This produced a fair measurement of D, however, with acceptable values
of lag time constant "a" a large harmonic (sin 2 wt) component was on D
causing a resultant large harmonic on Bc' The measurcd amplitude was
used by dividing the input signal p by the amplitude to produce the input
signal for the adaptive bending suppression system,

A second amplitude mezsuring system which produces much better
results is a peak detection system which can best be described by the

logic fiow diagram of Figure 10,
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In this mechanization A will be similar to D if p is sine wave with
time varying amplitude., The peak detection system maintains A at the
last peak magnitude of the Ipl unless the instantzneous value of Ipl
is larger than A, Under this condition L is made equal to lpl.

Figure 105 is the response of Figure 103 with the p input modified
t0 be 2—§%2~EE where A was determined by the logic of Figure 10l, Values
used for this run are w = 2, @ = L5; Gp =7, T=.1,as= Land b = .6,
The response was found to be independent of both D and C. Using a pure
sine wave on the p input the bending is rejected in almost one cycle
time indicating excellent potential as a bending suppression system,

In an actual mechanization bandpass filtering will be required to
remove the bending sigral as a pure sine wave from both the delta rate
gyro signal and from the Bc signal plus additional bandpass filters to
maintzin the desired phase rélationships within the circuit.

Figure 106 shows the finalized version of the adaptive bending
suppression system for removing one bending mode. The bandpass filtering
on the Aé signal and the Bc signal is required to separate the bending
signal as a sine wave from the conglomerate signal in each case. 1In
order to maintain the proper phase relationship between the signals being
rultiplied for the gain determination, additional bandpass filtering must
be inserted between the summztion point into the error signal and the
multiplication,

Each of the two adaptive loops (one required to remove the in-phase
and the other the quadrature bending components from the error signal)
can be thought of as a suppressed carrier ac modulated servo system with
Aé derived bending signal acting as the ac reference, Figurc 107 is one
of these loops redrawn with this assumed representation. The bandpass
in the Aﬁ line has been represented as a phase shift network only. The
system treats the amplitude of the bending signal on Bc as an error signal,
The bandpass filter on the Bc output acts as a lag-lead to the bending
amplitude on its input. The multiplication at the bandpass output acts
as a demodulator, The bandpass is mechanized as a W-plane derived filter

of the form



, 2 (- (1-0)? + b (1-¢?
Z - Z +
2 2 2
Qn (w2 + 2 Qn w + 1) w2 gn w1 (= + 2 Cn w +1)
¢, W r2c e |, 2(1-u) (1 - b (1-c)
2 - Z +
w2+2gdw+1 (w2+2gdw+1)2

w, T
2 [ ]

where W = tan

(85)

The filter has an approximate gain of one at the

tuned frequency. The adaptive loop appears as a closed loop system

operating on the bending amplitude.

This closed loop system has an open

loop transfer function of approximately

-gd wTT -gn wTT

(1L -e ) 72 (Z - e

)

bAT
<L w T
1-e T

(z-1)(2-C)(Z ~ e

=G, w T
d T )

(86)

producing an open locop pole zero plot as shown in Figure 108,

In order to simpiify the analysis two circuits of the type shown in

Figure 106 were mechanized for two bending modes. The time response runs

indicate that there is more lag in the servo system than is indicated in

the open loop pole-zero plot of Figure 107.

It appears as if the additional

lag is larger than a full sampling period transportation lag (i.e., Z-l).

57



Preliminary time response analysis indicates the best performance is
achieved with C = O, that is no filtering on the product term to isolate
only the dc component. Using a single transportation lag, root locus
analysis indicates that a very large loop gain (e.g., 100) is required to
produce a system with unity damping and thus no overshoot, Simulating
this high of a loop gain produces instability. The instability may be
caused by inadequate approximations in generating the equivalent circuit
of Figure 107 or more likely with the high gains the nonlinearities in
the actual circuit producing high frequency harmonics which are amplified
to produce instabiiity in these nonlinear modes,

A set cf pararmecters for the system was chosen by using a time
response program consisting of two circuits of the type shown in Figure 106.
The Aé input was simulated with

g = sin 2.3t + sin 5t . (87)

and the ¢ + Ky # input with

g+ Ky g = sin (2.3t + .5) + sin (5t + .2) (88)

where the two sine waves represent two bending frequencies a2t 2,3 and 5
radians per second. It was assumed that the bending frequencies were
exactly identified for the purposes of placing the bandpass filters,
The circvits for ecach bending mode were mechanized with identical parameters
except for the bandpass tuned frequency.

Because of the harmonic content of the Bc output it was difficult
to assess the quality of the operation for minor changes in circuit
parameters. The circuit parameters arrived at using this analytic
approach are hopefully near optimum under the constraints of the circuit
configuration of Figure 106,

Referring to the nomenclature of Figure 106 the arrived at parameters

are:

a =l (89)
b=l (90)
c=0 ' (91)
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The bandpass filters on the Aé input had a nurierator damping of
.5 and a denominator dampirg of ,025, A1l other bandpass filters had
nurerator dampings of .3 and denominator damping of .05, A sampling
rate of .1 sec was used,

Figure 109 is the time response of various test points within the
circuit using paremeter values described above. Figure 1C9-1 is the
total Bc output which with perfect operation under the test conditions
of no short period signal should go to zero. Without the suppression
system the Bc output will have a peak amplitude of 2. Better rcsponse
than that showvn is achieved when a more highly tuned bandpass is placed
on the Aﬁ input signal. In that the bending frequencies will not be
identified exactly a certain amount of bandwidth is required of the
bandpass filters., A denominator damping factor of .025 was selected in
that this damping factor showed wide enough bandwidth when used for the
notch filters in the standard spectral configuration.

Figure 109-2 through 109-11 are the time response for various points
throughout the circuits of both bending modes as defined by the letters
e, S, u, m and j on Figure 106, The adaptive gains s and u both appear
to be somewhat underdamped. The open loop approximate transfer function
indicates that larger damping can be achieved by increasing the adaptive
loop gains. The unity amplitude sire waves are in the initial transients
fairly poor, howcver, beccme quite clean in the steady state. Changes in
the circuitry configuration may improve this however, If the derivative
(or quadrature) signal derived from the Aé input was found by first
taking the derivative then filtering and amplitude adjusting this transient
operation should improve at the expense of an additional gain adjuster,
The total adaptive operation might be improved if square waves rather
than sine waves were generated in the adaptive loop, but sine waves were
used for the subtraction from the main error signal,

A digital differentiation mechanized as 1-Z-1 does not have 90o
phase shift characteristics at all frequencies having less than 900 phase
shift at higher frequencies, The effect of less than 90° phase shift is
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to produce intercoupling between the in-phase and quadrature cancellation
networks for that mode. Since the third mode is the highest bending
frequency this intercoupiing would be most significant on the third mode,
A digitzl differentiator which has 90° phase shift at all frequencies is
mechanized by
-1
il:é:fl o (92)
(1+277)
This differentiator causes modulation at half the sampling frequency due
to the pole at Z = -1, This modvlation would make the peak detector
operate in a manner to always generate an output having ampiitude one Wt
frequencies of half the sampling frequency., A differentiztor mechanized as
-1

(93)
cos wT

will always have 90° phase shift at the frequency w, This places the
zero outside the unit circle however, it has the desired phase characteristics
without the modulation at haif the sampling freguency.
A large amcunt of harmonic noise is being produced by the bending
suppression system., A great deal of this noise appears to be generated
by forming the differential signal after adjusting the peak amplitude
to one,
Better operation may be achieved if the in-phase and quadrature
bending component signal is derived from the delta rate gyro signal by

the circuit of Figure 110.
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SECTION L.O
OONCIIISTONS

The Spectral Tdentification Adaptive Contrcl Svstem hzs been demonstrated
to te capable of controliling a realistic flexible vehicle of the Saturn V class
with dynamic and flexibility parameter uncertainties. UWhen operating in
conjunction with a properly designed control system, stable performance is
guaranteed. The more excited a bending mode becomes due to temporary instability
the more accurately it will be identified and thus the greater assurance of
obtaining a stabilizing control system. The system has been studied with up to
25% initial uncertainty and has performed weil cnough to assure that stable
operation will be achieved with larger initial uncertzinties.

The system maintains its performance in the presence of a realistic
environment of winds and instrument noise. Tt will maintain stable control
during the operation of a conventionai load relief system,

The Spectral IQentification Adaptive Control System rmst be designed
around the vehicle it is to control. Obviously the frequencies at which the
spectral filters are set must be over the total range of possible bending
frequencies, The contrcl system must be designed to give adequate short period
response plus insure that at no time the condition can exist where a notch
fiiter placed at an identified frequency can cause the vehicle to have an
unstable mode at that frequency,

Iittle effort was placed on the design or improvement of the identification
system itself, Both improvements in identification accuracy and reduction in
the system complexity can be obtained if this becomes a requirement on some
future vehicle., The possibility of the identification of the short period
frequency should be no problem because in a system when this is a possibility,
adjustments to the spectral filter processing could probably be made to reject
such identification as a possible bending mode,

Loads were high in the trajectory runs shown, however, a reduction in these
loads could be made by increasing the short period response and improving the
load relief system. The short period response can be increased by using Compensation

Configuration #3,
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The study of the active control system did not proceed to the point of
evaluation with a trajectery simulation. It was shown for one flight case,
however, that with a single force point control it is possible to corpletely
decouple the bending and attitude control with the possible extension to generating
a control system which will provide artificial damping to the bending while
maintaining adequate attitude control, This design is highly dependent upon
vehicle parameter variations, however, the study indicates it may be possible
to either design a fixed control system capable of controiling a band of off
nominal vehicles or to obtain an adaptive system which will rapidly compute the

desired control system,

62



SECTION 5.0

RECOMM“ENDATIONS FOR FURTHER STUDY

Tt has been demonstrated that the spectral system is capable of
controlling a realistic boost vehicle over its entire trajectory. There are
several areas which are worthy of further investigation in the spectral
system, which are:

1, For a realistic vehicle determine the required identification aeccuracy
and quantitatively determine system performance versus identification
accuracy.

2. There are several changes in the identificstion system which could
improve the identificztion accuracy. The major change would be
to remove the integration from the identifiers by assuming the
spectral imput signal is an integrator output. This should increase
the accuracy of identification at the higher bending modes. The
second major change is a modification of the formula g%f_ which is
used to determine the frequency from the measured spectral amplitudes,
The formula is modified by adding pre-computed weighting constants
to the w's,

3. Combine Item 1 and 2 to determine the least complex identification
system capable of obtaining the required accuracy. This step is
necessary to reduce the required computer size.

L. Each bending mode of a flexible vehicle operates in two ways. The
first is a high frequency oscillation which is removed by the
spectral identification system with its notch filters. The second
is a low frequency "steady state" bend which does not present a
stability problem in itself but is the contribution to bending
coupling into the short period, This is the reason that the short period
frequency is difficult to increase in a very flexible vehicle,

Consideration should be given toward implementing a differential
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5.

rate gyro, a differential gyro or a strain gage sensor to measure

this "steady state" bend and feed it into the control system in a

manner to reduce the "steady state!" bending, If this is done the

vehicle could be operated at a higher short period frequency, which

will result in better trajectory following and lower loads,

The study of the active control system shows that the potential to

control the berndirg and the sttitude of the vehicle using the single

nozzle force point exists., By using a differential rate gyro and

assunming constant dynamics, any desirable control on the bending can

be obtained with a mirimum compensation requirement. An adaptive

system can possibly be generated which can control the bending compensation,
Extending the stucdy of either the adaptive system or the determination

of a fixed compensation giving the desired control throughout the trajectory
for nominal and off nominal vehicle conditions would appear a worthwhile

endeavor,
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Figure 1, Model Vehicle No, 2
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Figure 5.

Basic Vehicle Control System
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